Introduction {#s1}
============

The ubiquitin (Ub)-26S proteasome pathway is involved in the mediation of rapid and precise degradation of cellular proteins and plays a critical role in multiple cellular processes such as differentiation, cell division, hormonal responses, protein trafficking, and responses to environmental stress ([@CIT0030]; [@CIT0009]; [@CIT0036]; [@CIT0029]; [@CIT0018]). The ubiquitination pathway involves the covalent attachment of Ub to target proteins through a cascade catalysed by the three known enzymes of E1, E2, and E3. In most cases, E3 proteins that are responsible for identifying specific target substrate can be classified into two groups based on their composition of subunit ([@CIT0030]). The HECT and RING/U-box E3 families are comprised of single polypeptide, whereas the SCF and APC E3 ligases consist of multiple subunits ([@CIT0023]). The SCF complex, which is composed of four primary subunits: Cullin1, Rbx1, Skp1, and a member of a large family of proteins known as F-box proteins, is one of the best characterized and most important E3 types ([@CIT0030]). In the SCF complex, the F-box protein interacts with Skp1 via an N-terminal conserved F-box motif and with the substrate via a C-terminal variable protein--protein interaction domain. The bipartite function allows the F-box proteins to play a crucial role in the SCF complex by identifying specificity of target substrate ([@CIT0012]).

There are more than 692 and 779 F-box genes in the *Arabidopsis thaliana* and rice genomes, respectively ([@CIT0037]). Several F-box proteins have been characterized to regulate diverse physiological processes ranging from hormonal signalling cascades to stress responses ([@CIT0029]; [@CIT0018]). For instance, an F-box protein TIR1/AFB that acts as an auxin receptor, can bind to the transcriptional repressor protein Aux/IAA and promote their proteasomal degradation, activating transcription of related genes ([@CIT0008]; [@CIT0035]). Another F-box protein, ZTL, has been shown to play a role in control of circadian period and early photomorphogenesis by targeting PRR5 for proteasome-dependent degradation ([@CIT0015]). In addition, [@CIT0042] reported that the F-box protein DOR acts as a negative regulator in the mediation of responses to abscisic acid (ABA) and drought stress. ABA is closely related to sugar signalling in regulation of seed germination ([@CIT0027]; [@CIT0007]). However, there has been no study to evaluate the role of F-box proteins in sugar-mediated seed germination in the literature.

Seed germination, a key process in plant life cycle, is regulated by many phytohormones and sugar signalling cascades ([@CIT0016]; [@CIT0019]; [@CIT0026]). Glucose has been well documented to play a regulatory role in seed germination and post-germination development ([@CIT0032]; [@CIT0010]; [@CIT0026]). Recent studies reveal that the effect of glucose on seed germination is closely related to ABA levels and ABA signalling cascades ([@CIT0010]; [@CIT0027]; [@CIT0041]; [@CIT0007]). The endogenous ABA level in plant cells is determined by the balance between its biosynthesis and catabolism. Glucose-induced suppression of seed germination in *Arabidopsis* has been shown to be associated with elevation of endogenous ABA contents in seeds by upregulation of genes encoding ABA biosynthesis ([@CIT0005]; [@CIT0004]) and suppression of ABA catabolism at the transcriptional level ([@CIT0044]). Similarly to *Arabidopsis*, suppression of seed germination in rice by glucose has been reported to result from increased ABA level due to inhibition of ABA catabolism ([@CIT0045]). The observations that seed germination of ABA-deficient and ABA-insensitive *Arabidopsis* mutants display similar phenotypes to that of sugar-insensitive mutants confirm the crosstalk between glucose and ABA in regulation of seed germination ([@CIT0001]; [@CIT0013]; [@CIT0017]; [@CIT0026]; [@CIT0007]). However, the signalling networks between ABA and glucose in modulation of seed germination remain to be fully dissected.

This study identified an F-box gene, designed Os*Fbx352*, from rice, and characterized its function during seed germination by generating transgenic rice plants with overexpression and knockdown of Os*Fbx352*. More specifically, this study evaluated the role of Os*Fbx352* in seed germination with emphasis on the interactions among ABA, Os*Fbx352*, and glucose. The results reveal that Os*Fbx352* was involved in the regulation of glucose-induced delay of seed germination by modulating ABA metabolism.

Materials and methods {#s2}
=====================

Plant growth and treatments {#s3}
---------------------------

Rice (*Oryza sativa* L. ssp. japonica cv. Zhonghua 10) seedlings were grown in the greenhouse at 27/23 °C with a 14/10 light/dark cycle. The rice seeds were supplied by the China National Rice Research Institute (Hangzhou, Zhejiang, China). To determine Os*Fbx352* transcript levels,2-week-old wild-type (WT) seedlings were exposed to incubation solution containing 0.1mM ABA (Sigma-Aldrich) and leaves were sampled after 2 and 5h. For determination of seed germination, seeds were exposed to solutions containing water (control), 0.1mM ABA, 3% mannitol, or 3% glucose. Germination rate was scored after varying periods (0, 2, 6, 12h). A similar treatment regime was used to study the gene expression of WT and transgenic rice seeds.

Plasmid construction and plant transformation {#s4}
---------------------------------------------

The full-length cDNA of Os*Fbx352* was amplified from rice plants with the primers OsFbx352-FL-F (5\'-CGC**GGATCC**ATGCCA- CCGCGCGCTCTGCC-3\'; *Bam*HI site in bold) and OsFbx352-FL-R (5\'-CGG**GGTACC**TCATATCGACCGAATAAATG-3\'; *Kpn*I site in bold). The sequencing confirmed that PCR fragment was directionally cloned into the *Bam*HI and *Kpn*I sites of a pUN1301 vector to create the pUN1301-OsFbx352 construct. To construct the RNA interference (RNAi) vector, the 490-bp coding sequence was amplified with the primers OsFbx352-Ri-F (5\'-GG**GGTACCACTA- GT**TCTCCTCCCATACTCCC-3\'; *Kpn*I and *Spe*I sites in bold) and OsFbx352-Ri-R (5\'-CG**GGATCCGAGCTC**ATGCCACTGCTAA- CAAAG-3′; *Bam*HI and *Sac*I sites in bold), digested by *Kpn*I and *Bam*HI and then *Spe*I and *Sac*I, and ligated to the pTCK303 vector. The protocols used for transformation of rice plants followed those described by [@CIT0039]. Briefly, rice seeds were sterilized and cultured on MS medium plus 4mg 2,4-dichlorophenoxyacetic acid l^--1^ (Sigma) for 4 weeks in the dark at 28 °C to induce embryogenic calluses, and the above constructs were introduced into the calluses by *Agrobacterium tumefaciens* EHA105-mediated transformation.

Seed germination assays {#s5}
-----------------------

To determine seed germination, 40 seeds of T2 generation of different transgenic lines and WT were sterilized and spread on half-strength MS medium containing different concentrations of glucose and mannitol (pH 5.8). The MS medium itself contained no sugar. Seeds were placed in a growth chamber with 12/12 light/dark cycle at 25 °C. Germination is defined as the emergence of the radicles through the seed coat. Every experiment was repeated three times.

Determination of endogenous ABA content in seeds {#s6}
------------------------------------------------

Seeds were treated with water, mannitol, or glucose for 0 and 6h and immediately frozen in liquid nitrogen after determination of their freshweight, and were subsequently stored at --80 °C for measurement of endogenous ABA content. Samples were ground in liquid nitrogen using a mortar and pestle, extracted with 4ml of 80% (v/v) methanol containing 1mM butylated hydroxytoluene as an antioxidant. The extract was incubated at 4 °C for 24h and centrifuged at 13,400 *g* for 15min at 4 °C. After the residues were suspended in the same extraction solution and stored at 4 °C for 1h, they were centrifuged again at 13,400 *g* for 15min at the same temperature. The two supernatants were combined and passed through a C18 Sep-Pak cartridge (Waters, Milford, MA, USA).The efflux was collected and dried in N~2~ and then dissolved in 0.5ml phosphate-buffered saline containing 0.1% (v/v) Tween 20 and 0.1% (w/v) gelatin (pH 7.5) for analysis of ABA. ABA concentration was determined by enzyme-linked immunosorbent assay (ELISA) following methods described elsewhere ([@CIT0040]; [@CIT0043]; [@CIT0004]). The results are mean ± SE of at least three replicates.

RNA isolation and quantitative real-time PCR {#s7}
--------------------------------------------

RNA isolation and quantitative real-time PCR (qRT-PCR) was carried out as described by [@CIT0033]. Total RNA was extracted with Trizol reagent (Invitrogen) and treated with RNase-free DNase I (Promega). The total RNAs were reverse transcribed into first-strand cDNA in a 20-µl volume with M-MLV reverse transcriptase (Promega). The samples were diluted to 100 µl with water and 5 µl of each sample (\~8ng RNA equivalent) was amplified using SYBR GreenER qPCR SuperMix Universal (Invitrogen) in a 25 µl reaction, containing 5 µl diluted cDNA, 12.5 µl SYBR GreenER qPCR SuperMix Universal, 0.5 µl Rox Reference Dye, 1 µl 10 µM forward primer, 1 µl of 10 µM reverse primer, and 5 µl water. The thermal cycle program was 95 °C for 3min; 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. The corresponding specific primers were: for Os*Nced2*, 5\'-GGTATGGAAACGAGGATAGTGGTT-3\' and 5\'-TGCTTATTGTTGTGCGAGAAGTTC-3\'; for Os*Nced3*, 5\'-CCCCTCCCAAACCATCCAAACCGA-3\' and 5\'-TGTGAGCATAT- CCTGGCGTCGTGA-3\'; for Os*Aba-ox2*, 5\'-CTACTGCTGATGG- TGGCTGA-3\' and 5\'-CCCATGGCCTTTGCTTTAT-3\'; for Os*Aba-ox3*, 5\'-AGTACAGCCCATTCCCTGTG-3\' and 5\'-ACGCCTAATCAAAC- CATTGC-3\'; for Os*Fbx352*, 5\'-GGATTCAAACTTCTATGCCCTAA-3\' and 5\'-CATGTAAACGATATTTCCGTAAGC-3\'. Rice *Actin1* (accession no. AB047313) was used as internal control with primers 5\'-ACCACAGGT- ATTGTGTTGGACTC-3\' and 5\'-AGAGCATATCCTTCATAGATG- GG-3\'. The relative expression levels were determined as described by [@CIT0020].

Statistics {#s8}
----------

All data were analysed by analysis of variance using the SAS statistics program. Statistical differences were referred to as significant when *P* \< 0.05 or *P* \< 0.01.

Results {#s9}
=======

Os*Fbx352* encodes a F-box domain protein and is suppressed by glucose {#s10}
----------------------------------------------------------------------

A Os*Fbx352* gene was isolated from a salt-stress rice DNA microarray. The gene corresponding to locus Os10g03850 consisted of three exons and three introns with a 1275-bp open reading frame and encoded a putative protein of 425 amino acids. A [blastp]{.smallcaps} search revealed that OsFBX352 was an F-box protein containing an F-box domain in its N-terminal region, which is a hallmark of F-box proteins from *Arabidopsis*, rice, yeast, and humans. A database search with the predicted polypeptide sequence showed that the F-box domain of OsFBX352 was related to those of the previously identified F-box proteins, including *Arabidopsis* SON (70% similarity), yeast CDC4 (65% similarity), rice OsDRF (67.5% similarity), and human SKP2 (57.5% similarity) ([Fig. 1A](#F1){ref-type="fig"}). Phylogenetic analysis also revealed that OsFBX352 was closely related to *Arabidopsis* SON1 and UFO and to rice MAIF ([Fig. 1B](#F1){ref-type="fig"}). These results suggest that OsFBX352 may be involved in the formation of E3 ubiquitin ligase complex.

![Os*Fbx352* contains a conserved F-box domain.(A) Alignment of the conserved F-box domain in Os*Fbx352* with other representative F-box-containing proteins: blue indicates residues identical to the Os*Fbx352* sequence; other colours indicate similar amino acids. The sequence at the bottom is the consensus sequence. (B) Phylogenetic tree analysis of the conserved F-box domain in Os*Fbx352* with other known F-box proteins from diverse organisms. Alignment and phylogenetic analysis were performed using [clustal x]{.smallcaps} 2 and [mega]{.smallcaps} 5, respectively. Approximately 40 amino acids that constitute the F-box motif in OsFBX352 were aligned with comparable regions from reported F-box proteins in humans (SKP2, BAB87202.1), yeast (CDC4, NP_116585.1), *Arabidopsis* (COI1, NP_565919; SON1, NP_179323; UFO, NP_564368.1; TIR1, NP_567135.1), and rice (OsMAIF, NP_001047698.1; OsDRF, NP_001052823.1).](exbotj_ers206_f0001){#F1}

The expression patterns of Os*Fbx352* were analysed by qRT-PCR ([Fig. 2](#F2){ref-type="fig"}). As shown in [Fig. 2A](#F2){ref-type="fig"}, the expression of Os*Fbx352* was detected in the organs examined with the expression being highest in leaves and lowest in stems ([Fig. 2A](#F2){ref-type="fig"}). The transcripts of Os*Fbx352* were increased by treatment with ABA ([Fig. 2B](#F2){ref-type="fig"}). ABA has been shown to be involved in glucose-induced delay of seed germination ([@CIT0010]; [@CIT0027]; [@CIT0041]; [@CIT0045]). To test whether Os*Fbx352* is associated with glucose-delayed seed germination, the response of Os*Fbx352* to glucose at transcriptional level was investigated. There was a rapid and transient increase in the transcripts of Os*Fbx352* upon imbibition of rice seeds such that the abundance of Os*Fbx352* transcripts peaked after 2h of imbibition and declined thereafter ([Fig. 2C](#F2){ref-type="fig"}). The increase in Os*Fbx352* transcripts was markedly suppressed by glucose ([Fig. 2C](#F2){ref-type="fig"}). The expression of Os*Fbx352* was much less increased when an identical concentration of mannitol was used to treat the seeds (Fig, 2C), suggesting that the inhibitory effect of glucose on Os*Fbx352* expression could not be accounted for by its osmotic effect.

![Quantitative real-time PCR analysis of the expression patterns of Os*Fbx352.* (A) Expression of Os*Fbx352* in different organs. (B) Effect of abscisic acid (ABA, 100 µM) on the expression of Os*Fbx352*. (C) Response of Os*Fbx352* expression to water, mannitol, and glucose treatments in seed germination. Data are mean ± SE for three replicates.](exbotj_ers206_f0002){#F2}

Generation of transgenic rice plants with altered expression of Os*Fbx352* {#s11}
--------------------------------------------------------------------------

To characterize the function of Os*Fbx352*, transgenic rice plants were generated by constructing a RNAi construct with part of the coding sequence fragment to knock down Os*Fbx352* expression, as well as an overexpression construct with the Os*Fbx352* full-length open reading frame driven by a maize ubiquitin promoter. Both constructs were introduced into rice calluses via *Agrobacterium*-mediated transformation. Several transgenic lines were obtained and subsequently confirmed by qRT-PCR. The expression of Os*Fbx352* in the overexpression seeds was at least 11-fold higher than that in WT seeds, while Os*Fbx352* transcripts in seeds of the knockdown lines were reduced by approximately 70% compared with WT seeds ([Fig. 3](#F3){ref-type="fig"}). Among the transgenic lines, two overexpression lines (OE10, OE24) and two knockdown lines (Ri15, Ri18) were selected to study the physiological function of Os*Fbx352* during seed germination.

![Quantitative real-time PCR analysis of Os*Fbx352* expression in wild-type (WT), overexpression (OE10, OE11, OE13, OE14, and OE24), and RNAi (Ri6, Ri15, and Ri18) plants. Data are mean ± SE for three replicates. Values above columns are the changes in gene expression relative to the WT.](exbotj_ers206_f0003){#F3}

Germination of transgenic seeds displayed different sensitivity to ABA {#s12}
----------------------------------------------------------------------

Given that seed germination is sensitive to ABA and expression of Os*Fbx352* was strongly induced by ABA, the role of Os*Fbx352* played in seed germination was evaluated. There were no differences in seed germination among WT and transgenic lines in the control medium, and both WT and transgenic seeds were fully germinated after 4 days of incubation in the control medium ([Fig. 4A](#F4){ref-type="fig"}). Germination of WT and RNAi seeds was delayed when ABA was present in the incubation medium, while germination of seeds with overexpressing Os*Fbx352* was relatively insensitive to ABA ([Fig. 4B](#F4){ref-type="fig"}). In addition, the inhibitory effect of ABA on germination of RNAi seeds was more evident than that of WT seeds ([Fig. 4B](#F4){ref-type="fig"}). For instance, both WT and transgenic seeds were germinated after 4 days in the control medium, while the germination rate for WT and RNAi seeds was reduced to approximately 80 and 60%, respectively, after the same period incubation in the presence of ABA ([Fig. 4A](#F4){ref-type="fig"}, [4B](#F4){ref-type="fig"}). Moreover, the inhibitory effect of ABA on seed germination of WT and RNAi seeds was increased with an increase in ABA concentrations ([Fig. 4C](#F4){ref-type="fig"}). In addition to seed germination, overexpression of Os*Fbx352* also rendered the seedlings less sensitive to ABA, as evidenced by longer shoot length of overexpression lines than the WT in the presence of ABA while suppression of Os*Fbx352* led to a shorter shoot length than the WT ([Supplementary Fig. S1](http://hwmaint.jxb.oxfordjournals.org/cgi/content-embargo/full/ers206/DC1), available at *JXB* online).

![Os*Fbx352*-overexpressing seeds exhibited decreased sensitivity to exogenous abscisic acid (ABA). (A, B) Seeds of wild-type (WT), OE10, OE24, Ri15, and Ri18 lines were germinated in control medium (A) or 4 µM ABA (B) for 4 days. (C) Seed germination rate for WT and transgenic rice seeds after incubation in without and with different concentrations of ABA for 4 days. Data are mean ± SE for three replicates with each replicate containing 30 seeds. Statistically significant difference from the wild type within a treatment: \*, *P* \< 0.05; \*\*, *P* \< 0.01(this figure is available in colour at *JXB* online).](exbotj_ers206_f0004){#F4}

Seed germination and seedling growth of transgenic seeds displayed different sensitivity to glucose {#s13}
---------------------------------------------------------------------------------------------------

In addition to ABA, the sensitivity of seed germination to glucose was also investigated using WT and transgenic seeds with overexpression (OE10, OE24) and knockdown of Os*Fbx352* (Ri15, Ri18). As shown in [Fig. 5A](#F5){ref-type="fig"}, there were no significant differences in seed germination among WT, overexpressing, and RNAi lines in the control medium. Addition of glucose to the incubation medium significantly suppressed seed germination for WT, overexpressing, and knockdown seeds ([Fig. 5A](#F5){ref-type="fig"}). The inhibitory effect of glucose on seed germination in the overexpressing lines was significantly less than that of the WT, while the inhibitory effect on seed germination of the RNAi lines was greater than that of WT and overexpressing lines ([Fig. 5](#F5){ref-type="fig"}). The differential effect of glucose on germination of WT, overexpressing, and RNAi seeds became more evident with an increase in glucose concentration from 1 to 3%. In contrast to glucose, addition of identical concentration of mannitol to the incubation medium had similar inhibitory effect on seed germination of both WT and transgenic seeds ([Fig. 5](#F5){ref-type="fig"}), indicting the specific effect of glucose on seed germination.

![Effects of glucose on wild-type (WT), Os*Fbx352*-overexpressing, and RNAi seeds during germination.(A) Representative images of WT, OE10, OE24, Ri15, and Ri18 seeds on half-strength MS medium with or without glucose or mannitiol for 4 days. (B) Germination rate of WT and transgenic seeds in the indicated conditions at 4 days after initiation. Data are mean ± SE for three replicates with each replicate containing 30 seeds. Data were statistically analysed with *t*-test. Statistically significant difference from the wild type within a treatment:\*, *P* \< 0.05; \*\*, *P* \< 0.01.](exbotj_ers206_f0005){#F5}

In addition to inhibition of seed germination, glucose can also arrest the post-germination growth ([@CIT0014]; [@CIT0011]). In the present study, no obvious differences in phenotypes were observed between WT and transgenic plants when they were grown on half-strength MS medium ([Fig. 6A](#F6){ref-type="fig"}). There was a marked reduction in shoot growth for WT, overexpressing, and RNAi lines when glucose was added to the incubation medium, and the inhibitory effect was increased with an increase in glucose concentration ([Fig. 6B](#F6){ref-type="fig"}). Similar to seed germination, glucose had less inhibitory effect on shoot growth in the Os*Fbx352*-overexpressing lines than in the WT, while it had greater inhibitory effect on shoot growth in the Os*Fbx352*-knockdown lines than the WT ([Fig. 6B](#F6){ref-type="fig"}). The differential effect of glucose on shoot growth of WT, overexpressing, and RNAi lines was specific to glucose as shoot growth of WT, overexpressing, and RNAi lines was equally inhibited by 1% mannitol ([Fig. 6](#F6){ref-type="fig"}). At a higher concentration of mannitol, shoot length of OE10 was significantly longer than that of WT, and shoot length of Ri18 was significantly shorter than that of WT in the presence of 3% mannitol ([Fig. 6](#F6){ref-type="fig"}).

![Effects of Os*Fbx352* on the post-germination development of the seedlings. (A) Representative images of seeds from wild-type (WT) and transgenic plants grown on half-strength MS medium with or without glucose or mannitiol at the post-germination stage. (B) Effect of glucose on shoot length of WT and transgenic seedlings. Data are mean ± SE for three replicates with each replicate containing 15 seeds. Data were statistically analysed with *t*-test. Statistically significant difference from the wild type within a treatment: \*, *P* \< 0.05;\*\*, *P* \< 0.01.](exbotj_ers206_f0006){#F6}

Overexpression of Os*Fbx352* suppressed glucose-induced increase in seed ABA content {#s14}
------------------------------------------------------------------------------------

To investigate whether the altered sensitivity of seed germination in the Os*Fbx352*-overexpressing and RNAi lines to glucose is related to ABA, changes in ABA contents in seeds of WT, overexpressing and RNAi lines were monitored during imbibition in the absence and presence of glucose. There were no differences in ABA contents in dry seeds among WT, overexpressing, and RNAi lines ([Fig. 7](#F7){ref-type="fig"}). ABA contents in WT, overexpressing, and RNAi seeds were sharply reduced upon imbibition ([Fig. 7](#F7){ref-type="fig"}). Moreover, ABA contents in the imbibed seeds were increased when glucose was present in the incubation medium, and the glucose-induced increase in ABA contents in the overexpressing seeds was significantly lower than in WT seeds, while ABA contents in the RNAi seeds were significantly higher than in WT seeds in the presence of glucose ([Fig. 7](#F7){ref-type="fig"}). In contrast to glucose, addition of the same concentration of mannitol to the incubation medium had no effect on ABA levels in seeds of both WT and transgenic lines ([Fig. 7](#F7){ref-type="fig"}), discounting the possibility that the glucose-induced increases in ABA levels in seeds are due to osmotic effect. These results suggest that overexpression of Os*Fbx352* disrupts glucose-dependent ABA metabolism, thus rendering the germination of overexpressing seeds less sensitive to glucose.

![Effects of water, mannitol, and glucose treatments on endogenous ABA contents in germinating seeds. Seeds were treated with water, mannitol, or glucose for 6h at 28 °C and were subsequently collected for ABA quantification. Data are mean ±SE with three replicates. Data were statistically analysed with *t*-test. Statistically significant difference from the wild type within a treatment: \*, *P* \< 0.05; \*\*, *P* \< 0.01.](exbotj_ers206_f0007){#F7}

ABA biosynthesis and catabolism were affected by alterations in Os*Fbx352* expression {#s15}
-------------------------------------------------------------------------------------

*NCED* and *ABA8ox* are key genes involved in regulating ABA biosynthesis and catabolism ([@CIT0028]; [@CIT0044], 2009). To further evaluate the role of Os*Fbx352* played in the regulation of ABA-dependent seed germination, the effect of glucose on ABA synthesis and metabolism at the transcriptional level was also studied. The abundance of Os*Nced2* in seeds of the overexpressing line OE24 was significantly lower than that in WT seeds imbibed in water (control) ([Fig. 8A](#F8){ref-type="fig"}), while the abundance of Os*Nced2* in the Ri18 seeds was significantly higher than that in WT seeds under the control conditions ([Fig. 8A](#F8){ref-type="fig"}), suggesting that overexpression of Os*Fbx352* may downregulate ABA levels in seeds by enhancing ABA catabolism and suppressing ABA synthesis at the transcriptional level. The expression of Os*Nced2* was suppressed in both WT and OE24 seeds by glucose ([Fig. 8A](#F8){ref-type="fig"}). By contrast, glucose markedly upregulated expression of Os*Nced2* in seeds of the RNAi line ([Fig. 8A](#F8){ref-type="fig"}). A similar effect of glucose on the expression of Os*Nced3* was also observed ([Fig. 8B](#F8){ref-type="fig"}). In contrast to glucose, mannitol at the same concentration equally suppressed expression of Os*Nced2* and Os*Nced3* ([Fig. 8A](#F8){ref-type="fig"}, [8B](#F8){ref-type="fig"}). Unlike Os*Nced* genes, overexpression of Os*Fbx352* led to an increase in Os*Aba-ox2* transcripts, while Os*Aba-ox3* transcripts in WT, overexpressing, and RNAi seeds were not significantly different under control conditions ([Fig. 8C](#F8){ref-type="fig"}, [8D](#F8){ref-type="fig"}). Expression of Os*Aba-ox2* was suppressed in seeds of WT, OE24, and Ri18 lines when challenged by glucose, but the glucose-induced suppression of Os*Aba-ox2* expression differed among WT, OE24, and Ri18 lines such that the expression of Os*Aba-ox2* was significantly higher and lower in seeds of the OE24 and Ri18 lines than the WT, respectively ([Fig. 8C](#F8){ref-type="fig"}). A similar differential response of Os*Aba-ox3* expression among seeds of WT, OE24, and Ri18 lines to glucose was observed ([Fig. 8D](#F8){ref-type="fig"}). In general, expression of Os*Aba-ox2* and Os*Aba-ox3* in seeds of WT, OE24, and Ri18 lines was relatively insensitive to the addition of the same concentrations of mannitol to the incubation medium ([Fig. 8C](#F8){ref-type="fig"}, [8D](#F8){ref-type="fig"}).

![Expression of ABA biosynthesis and catabolism genes of WT, OE24, and Ri18 rice seeds in response to glucose. Seeds were grown on plates containing water, mannitiol, or glucose for 6h and then harvested for RNA extraction. Data are mean ± SE with three replicates. Data were statistically analysed with *t*-test. Statistically significant difference from the wild type within a treatment: \*, *P* \< 0.05; \*\*, *P* \< 0.01 (this figure is available in colour at *JXB* online).](exbotj_ers206_f0008){#F8}

Discussion {#s16}
==========

F-box proteins comprise one of the large protein families in plants. There are more than 692 and 779 F-box genes in the *A. thaliana* and rice genomes, respectively ([@CIT0037]). Previous studies demonstrated that F-box proteins are involved in the regulation of several biological processes, including circadian clock, self-incompatibility, photomorphogenesis, floral meristem, phytohormonal signalling, and responses to abiotic stresses ([@CIT0034]; [@CIT0023]; [@CIT0025]; [@CIT0030]; [@CIT0009]). For instance, the F-box protein TIR1/AFB can bind to the transcriptional repressor protein Aux/IAA, thus promoting their proteasomal degradation and activating auxin-induced transcription ([@CIT0008]; [@CIT0035]). The involvement of F-box proteins in response to both biotic and abiotic stresses has also been reported. For example, four F-box proteins from different species (DOR, OsDRF1, PvFBS1, and MAIF1) have been shown to act as key regulators in responses to biotic ([@CIT0002]) and abiotic stress ([@CIT0042]; [@CIT0038]; [@CIT0021]). [@CIT0015] reported that an F-box protein, ZTL, is a major factor to control the period of circadian and early photomorphogenesis by regulating PRR5 for proteasome-dependent degradation. As a primary sugar, glucose modulates many important physiological processes ranging from seed germination to seedling development ([@CIT0031]; [@CIT0006]; [@CIT0011]; [@CIT0026]). However, there has been no report on the involvement of F-box proteins in glucose-regulated physiological processes in general and seed germination in particular. The present study identified a novel F-box gene in rice, Os*Fbx352*, and demonstrated that disruption of Os*Fbx352* expression altered the sensitivity of its seed germination and post-germination growth to glucose. The study further explored the physiological mechanism by which transgenic rice seeds with altered expression of Os*Fbx352* exhibited different sensitivity to glucose. One important finding is that disruption of Os*Fbx352* expression altered glucose-induced ABA content in seeds such that ABA content in seeds of the overexpressing and underexpressing Os*Fbx352* was lower and higher, respectively, than in WT seeds in the presence of glucose. To the best knowledge of the authors, this is the first report highlighting the involvement of F-box protein in suppression of seed germination and post-germination growth by glucose.

It has been well documented that the inhibitory effect of sugar on seed germination is due to the increase in the active endogenous ABA level ([@CIT0001]; [@CIT0013]; [@CIT0017]; [@CIT0045], 2011; [@CIT0003]). For example, [@CIT0045] reported that a higher ABA content in imbibed seeds may account for the glucose-induced delay of rice seed germination. The present results showing that ABA contents were markedly increased in imbibed seeds of both WT and transgenic lines with altered expression of Os*Fbx352* when challenged with glucose are in line with those findings reported in the literature. In addition, this study found that the glucose-induced increase in ABA content in the Os*Fbx352*-overexpressing seeds was lower than in WT seeds, while it was higher in the two RNAi seeds than in WT seeds ([Fig. 7](#F7){ref-type="fig"}). These results suggest that overexpression of Os*Fbx352* disrupts glucose-induced ABA metabolism, thus rendering the germination of overexpressing seeds less sensitive to glucose.

The differential response of ABA contents in WT and transgenic seeds to glucose was further investigated by studying expression of *Nced* and *Aba-ox* genes that are responsible for ABA biosynthesis and catabolism ([@CIT0005]; [@CIT0028]; [@CIT0024]; [@CIT0045], 2011). The results revealed that the expression of Os*Nced2* and Os*Nced3* was suppressed in seeds of both the WT and the overexpressing line, while the expression of Os*Aba-ox2* and Os*Aba-ox3* were significantly higher and lower, in seeds of the OE24 line and the Ri18 line, respectively, than the WT. These results indicate that Os*Fbx352* may participate in glucose-induced suppression of seed germination by stimulating ABA biosynthesis and inhibiting ABA catabolism. A similar inhibition of ABA catabolism by glucose leading to delay of seed germination has been reported by [@CIT0045]. However, in contrast to those findings by [@CIT0045], the present results showed that expression of Os*Nced2* and Os*Nced3* was suppressed by glucose ([Fig. 8](#F8){ref-type="fig"}). The present data do not suggest an explanation for the difference, but it can be speculated that differences in the rice genotypes and the experimental protocols used in the two studies may partly account for the difference.

There are a number of reports showing that proteins such as G-protein ([@CIT0004]), SR45 ([@CIT0003]), and bZIP protein ([@CIT0022]) are involved in regulation of glucose and ABA-dependent seed germination and early seedling development. There are some reports suggesting that F-box proteins may be involved in ABA biosynthesis and signalling. For example, [@CIT0042] reported that an F-box protein, DOR, is involved in regulation of ABA-induced stomatal closure under drought stress by affecting ABA signalling. [@CIT0038] also showed that an F-box protein in rice, MAIF, has a negative role in ABA signalling during rice seed germination and root growth.

In summary, this study identified a gene encoding an F-box protein from rice plants, Os*Fbx352*, and characterized its function in seed germination by generating transgenic rice with overexpression and knockdown of Os*Fbx352.* One important finding is that expression of Os*Fbx352* in seeds was upregulated during imbibition and that the increase in Os*Fbx352* expression was markedly suppressed by glucose. This study further demonstrated that the glucose-induced inhibition of seed germination was negatively correlated with Os*Fbx352* expression level. The differential response of the transgenic and WT seeds to glucose may be accounted for by differences in ABA contents among overexpressing, RNAi, and WT seeds due to alterations of ABA synthesis and catabolism at the transcriptional level. These findings highlight the regulatory role of Os*Fbx352* in glucose-induced suppression of seed germination by targeting ABA metabolism. Identification of the targets of Os*Fbx352* and elucidating the signalling network may help to unravel the molecular mechanism underlying the Os*Fbx352*-dependent insensitivity to glucose.
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###### Supplementary Data

Supplementary data are available at *JXB* online.

[**Supplementary Fig. S1**](http://hwmaint.jxb.oxfordjournals.org/cgi/content-embargo/full/ers206/DC1). Shoot length of 2-day-old rice seedlings in wild-type and transgenic lines treated with 0, 4, and 8 µM abscisic acid for 8 days.

This work was supported by the National Science Foundation of China (31071844 and 30788003). The authors acknowledge Ms Chen Jie and Ms Chen Ying for their help in isolation of the gene and thank the two anonymous reviewers for their constructive suggestions.
